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The stability of BaTiO3-type insulators to DC fields 
has long been recognized as one of the important factors in 
determining the quality of a capacitor which uses such a 
material as its dielectric. The slow increase of the 
electrical conductivity of an insulator which is stressed 
by DC fields at levels below the breakdown strength is 
normally termed degradation. Since degradation is a very 
common malady to the ceramic capacitor manufacturers, many 
studies have been conducted over the past two decades in 
efforts to learn how to remedy the problem.
The results of previous studies have shown that certain 
dopants (present both as intentional additives and as 
impurities), the Ba:Ti ratio, and hydroxyl content greatly 
influence the degradation process. Since all of the 
studies have been carried out on ill-defined commercial 
materials, no correlation between defect structure and 
degradation has been possible. It was the intent of this 
present investigation to study degradation in well-defined 
BaTiO 3 (both high purity and intentionally doped) with the 
intent of developing a defect model which can be used to 
explain the influence of dopants and Ba:Ti ratio upon 
degradation.
High purity BaTiO3 powder was prepared by a chemical 
preparation technique which allows the ratio of cations 
and dopant levels to be precisely controlled. The DC
iii
current-voltage characteristics of sintered discs were 
measured as a function of both time and temperature.
Undoped BaTiO3 with a Ba:Ti ratio less than unity had 
the greatest tendency to degrade. Undoped and acceptor 
doped material with a Ba:Ti ratio greater than unity had a 
high resistance to degradation. Donor and acceptor doping 
with a Ba:Ti ratio less than unity improved the degradation 
resistance while donor doping with a Ba:Ti ratio greater 
than one increased the degradation.
To explain the observed behavior, a model is presented 
that includes the effect of acceptors, donors, and the Ba:Ti 
ratio on the degradation process.
iv
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1I . INTRODUCTION
Barium titanate and titanium dioxide are used in 
formulating high dielectric constant materials for 
capacitors. One of the basic problems with these mater­
ials is electrical degradation, the increase in conductivity 
with time when a direct current electric field is applied. 
Electrical degradation is accelerated by increased in 
electric field and/or ambient temperature.
This problem was extensively studied at Linden Lab­
oratories from 1955 until 1966 and reviewed by Gruver et al. 
(1966) . They identified degradation as oxygen vacancy 
migration and the reduction of titanium resulting in the 
creation of 3d band electrons that increased the conducti­
vity. They also empirically determined methods of 
improving the resistance to degradation by either the 
addition of donors or atmosphere treatments during firing. 
Because the materials they studied were not chemically well 
defined, it was not possible to determine the effect of the 
defect chemistry on degradation.
Payne (1976) observed current-voltage behavior which 
could be attributed to Schottky emission in commercial 
samples that had failed life tests due to electrical 
degradation. He found that samples which had successfully 
passed life tests exhibited near ohmic behavior.
There were two main purposes in this study. The first 
was a study of the effect of the barium to titanium ratio
2and donor and acceptor dopants upon degradation. High 
purity samples were prepared by the chemical preparation 
technique described by Pechini (1967) with known barium 
to titanium ratios and known concentrations of dopants.
The second purpose was to determine if there was a relation­
ship between either the current-voltage behavior or activa­
tion energy of conduction and the resistance to degradation. 
This would include testing for Schottky emission or 
space-charge-limited current. If such a relationship can 
be established it might be possible to develop a short term 
test that could be used to measure a dielectric's resistance 
to degradation instead of the long term life tests of 1000 
hours or more that are currently employed.
3II. LITERATURE REVIEW
A. Electrical Conduction and Current Injection
Electrical conductivity in an insulator can be 
separated into three phases: carrier injection, motion in 
the bulk, and extraction. The controlling phase deter­
mines the behavior that a specific electrode and insulator 
will exhibit.
Ohmic behavior is the simplest to describe. Electrons 
enter the insulator from the cathode, pass through the 
bulk, and are collected at the anode. Most materials 
behave ohmically at low electric fields. A log current vs 
log field (log J vs log E) plot with a slope of 1 indicates 
that the material is following Ohm's law,
J = qnME (1)
where J = current density 
q = electron charge 
n = free carrier density 
M = mobility 
E = applied field.
When there is deviation from Ohm's law, analogies can 
be made between conduction mechanisms in a metal-insulator 
and in a metal-vacuum system. Schottky emission, field 
emission, and space charge limited current have been 
identified experimentally in metal-insulator systems.
Schottky emission from a metal to an insulator can be
described by
4J = AT2 exp[-(B - bE^)]/kT (2)
where J = current density
A = Richardson constant 
B = work function 
b = (q3/4ire ) ^
E = applied field 
k = Boltzmann’s constant 
T = absolute temperature 
q = electron charge 
e = permittivity
Log J should be proportional to E^ at a constant temperature 
and log J/T2 should be proportional to 1/T at a constant 
voltage if Schottky emission is the transfer mechanism.
The existence of Schottky emission in dielectrics has 
been experimentally verified by a number of investigators.
A few of the more relevant studies are:
1) Emtage and Tantraporn (1962) observed this behavior 
in 100A° thick films of gold electroded polymerized silicone 
oil. There was not enough information to check the 
experimental value of b with the calculated value.
2) Hacskazlo (1964) measured the current in aluminum 
oxide films of less than 100A° thickness and observed Schottky 
emission up to a voltage that corresponded to a field of 
about 107V/cm. The calculated value of b agreed with the 
experimental values within a factor of two. Above 107V/cm, 
the transfer mechanism was not understood.
53) Lengyel (1966) measured the current in 2.8 x 10 3 
cm thick films of polyethylene-terephthalate and 
5.6 x 10”3 cm thick films of polyvinylformal and found 
evidence of Schottky emission. There was agreement between 
the experimental and calculated values of b within a factor 
o f two.
4) Payne (1967) examined 4.8 x 10-3 cm thick barium 
titanate capacitors and found a current-field and current- 
temperature dependence which was predicted by Schottky 
emission. However, the calculated value of b was four 
orders of magnitude less than the measured value. The 
explanation offered for the difference was the increase in 
field strength at the cathode from space charge effects.
Tunnel emission from a metal to an insulator is 
essentially the same as field emission from a metal 
surface into a vacuum as discussed by Azaroff and Brophy 
(1963). The tunnel emission current density is described 















6m* = effective mass of electron 
3 = correction factor
Electric fields must be greater than 107V/cm before the 
current density from this process becomes significant.
Fisher and Giaever (1961) observed tunnel emission currents 
through aluminum oxide films of about 50A° thickness.
Emtage and Tantraporn (1962) believed the low temperature 
deviation of current from that predicted by Schottky 
emission was from tunnel emission.
Langmiur (1913) observed that the Schottky emission 
current into a vacuum did not continue to increase with 
increasing temperatures but was limited at a finite value. 
This occurs because the potential at the cathode is lowered 
by the electron space charge next to it which is temperature 
independent. The current density of such a space-charge- 
limited current for parallel electrodes, from Spangenberg 
(1948) , is
where = permittivity of free space 
q = electron charge 
m = electron mass 
V = applied voltage 
X = electrode separation.
Space-charge-limited currents can also exist in solid 
insulators. This requires an ohmic contact, as described 
by Rose (1955) and Lampert (1956), which is an electrode
that can supply an excess of electrons. Lampert and 
Mark (1970) derived the current density relationship for 
a trap free insulator:
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J = (9/8) eM (V2/X3) (5)
where e = permittivity of insulator
M = mobility
V = voltage
X = electrode separation.
If shallow traps are present, the current density is
where 0 is the ratio of trapped carriers to free carriers.
Rhys-Roberts and Tredgold (1960) derived an equation 
for space-charge-limited current based on a model with a 
surface trapping layer. There is a thin surface layer of 
thickness X x with a trap density of at an energy depth 
Et between each electrode and the bulk. The bulk is free 
from traps and is X2 thick, which is approximately the 
electrode separation, X. Their equation is:
where all of the symbols have been previously defined.
A few of the studies reporting space-charge-limited 
current behavior in solids are reviewed below:
1) Smith and Rose (1955) measured space-charge-limited 
current in cadmium sulfide single crystals.
2) Branwood et al. (1962) measured barium titanate
J = (9/8) 0eM (V2/X3) (6)
(7)
single crystals and found the current density to be
8described by the polynomial equation:
J = a (V/X) + b (V/X) 2 (8)
where a and b are constants.
3) Cardon (1961) observed a transition from ohmic 
behavior to space-charge-limited current in titanium 
dioxide single crystals. This transition is predicted by 
theory and occurs at a voltage defined by
V = 8qX2n/9e (9)
where n is the density of free electrons, from Lampert 
(1956) .
9B. Defect Structure
The structure of tetragonal barium titanate is a 
distortion of the perovskite structure. Cubic barium 
titanate and strontium titanate have the perovskite 
structure. Because of the similarities in structure and 
electrical behavior, the defect structures of calcium 
titanate and strontium titanate are included in this 
review.
George and Grace (1969) measured the electrical 
conductivity and Seebeck coefficient of single crystal 
calcium titanate as a function of temperature and oxygen 
pressure from 1100° to 1300°C. The predominant defects 
were doubly ionized oxygen vacancies and electrons. Walters 
and Grace (1967) performed similar measurements on single 
crystal strontium titanate from 900° to 1300°C. Doubly 
ionized oxygen vacancies and electrons were the dominant 
defects. Yamada and Miller (1973) measured optical 
absorption coefficients, Hall coefficients, mass densities, 
and lattice parameters on strontium titanate single crystals 
which had first been equilibrated at a given oxygen partial 
pressure and temperature and then quenched to room tempera­
ture. The oxygen partial pressure range was from 10”7 
to 10-12 atm and the temperature range was from 1200° to 
1400°C. The results were consistent with the predominant 
defects being doubly ionized oxygen vacancies and electrons.
By using chemical techniques, Novak and Arend (1964) 
measured the oxygen nonstoichiometry of barium titanate
10
single crystals which had been reduced in hydrogen. They 
measured a loss of about 7000 atomic parts per million at 
1000°C. Arend and Kilborg (1969) measured the weight loss 
in polycrystalline barium titanate reduced in hydrogen at 
different temperatures. The loss at 1275°C was 3600 at 
ppm, 12,400 at ppm at 1375°C, and 23,300 at ppm at 1500°C. 
The loss was reversible by annealing in oxygen at 850°C 
for five hours.
Eror and Smyth (1970) made gravimetric measurements 
on donor doped barium titanate in oxidizing and reducing 
atmospheres. A reversible weight change which was propor­
tional to the lanthanum concentration was observed.
Assuming one oxygen ion will compensate two lanthanum ions, 
the correlation between the calculated and measured weight 
change was better than ninety percent. There were no 
differences in the x-ray powder diffraction patterns 
between the oxidized and reduced states for specimens 
containing up to twenty atomic percent lanthanum. A 
structural accommodation model of layers of barium oxide 
between perovskite layers was proposed to account for the 
absence of a detectable second phase.
Rase and Roy (1955) studied the barium oxide-titanium 
oxide system. Even though they were unable to determine 
solid solution regions near the composition barium 
metatitanate, BaTiC>3 , they felt that a region of solid 
solution existed between barium metatitanate and the next 
higher titanium content composition and that there was no
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solid solution with the next lower titanium content 
composition. Up to the present time, there is no direct 
experimental evidence which proves or disproves the existence 
of solid solution between barium metatitanate and the next 
higher titanate. This information would be helpful in 
unraveling the defect structure of barium titanate (barium 
metatitanate).
Kwestroo and Paping (1959) prepared pure barium 
ortho titanate , Ba2TiOi+, but it was unstable in humid air.
By substituting strontium for barium, they obtained stable 
specimens with an orthorhombic structure. The a, b, and 
c axes varied linearly with the concentration of strontium. 
Extrapolating to a zero strontium concentration, the inter- 
planar spacings agreed well with the data of Rase and Roy 
(1955).
Ruddleson and Popper (1957) identified pure strontium 
orthotitanate, Sr2TiOi+, as being isostructural with tetra­
gonal K2NiF4 as described by Blaz and Plieth (1955). In the 
perovskite structure of strontium titanate, there are 
alternating layers of strontium oxide and titanium dioxide 
with one formula unit, SrTiC>3 , per unit cell. Strontium 
orthotitanate consists of an alternation of two strontium 
oxide layers with one titanium dioxide layer in the c 
direction with two formula units, Sr2TiOt+, per unit cell.
The dimension of the a axis is the same for the two 
structures.
Subbarao and Shirane (1959) studied tantalum and
12
niobium additions in barium titanate. Using x-ray and 
neutron diffraction, they determined that these donors go 
into titanium sites in barium titanate. From the intensities 
of x-ray diffraction lines, the compensation mechanism was 
determined to be by the formation of one barium vacancy 
for two niobium or tantalum ions. The formula for this 
composition is Bax-^xTix-xTax0 3.
Johnston and Sestrich (1961) studied the lanthanum
titanate-barium titanate system under highly reducing
conditions. They found complete solid solution between
the end numbers. The formula of the solid solution was
La Bax_„Ti+3 .x 1 x x 1 x d
Long and Blumenthal (1971) studied the electrical 
conductivity of nonstoichiometric, barium deficient, 
polycrystalline barium titanate. From the oxygen pressure 
dependence of electrical conductivity, they developed a 
defect model to account for the n-type to p-type conduction 
transition. The model consisted of electrons, holes, 
singly and doubly ionized oxygen vacancies, and acceptor 
states that were probably associated with impurities.
Seuter (1974) studied the electrical conductivity of 
polycrystalline and single crystal barium titanate as a 
function of the oxygen pressure and temperature. He 
reported a shift of the n to p transition to higher oxygen 
pressures as the barium to titanium ratio was increased 
from unity. He, however, did not observe any shift as the 
ratio was decreased below unity. He reported that donors
13
shifted the transition to higher oxygen pressures and that 
acceptors had the opposite effect. The defect model he 
presented consisted of electrons, holes, doubly ionized 
oxygen vacancies, and doubly ionized barium vacancies.
Eror and Smyth (1967) studied the electrical conduc­
tivity of single crystal barium titanate. They proposed a 
neutral complex of doubly ionized oxygen and barium 
vacancies with an association enthalpy greater than 2 eV.
This accounts for the observed independence of the electrical 
conductivity upon the barium to titanium ratio. The 
electrically active defects are electrons, holes, doubly 
ionized oxygen vacancies, and acceptor states from 
impurities.
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C. Conduction and Degradation in Titanium Dioxide and 
Strontium Titanate
Electrical degradation in titanium dioxide has been 
studied extensively because of its value as a commercial 
dielectric material. Though it does not have the 
perovskite structure, there appear to be similarities in 
the degradation mechanism in both materials. Strontium 
titanate has the same structure as cubic barium titanate 
and displays similarities in behavior.
Titanium dioxide is an n-type semiconductor and is 
oxygen deficient when nonstoichiometric. There is a lack 
of agreement in the literature on the defect structure and 
dominant point defect. Arguments are presented for oxygen 
vacancies or titanium interstitials. Kofstad (1972) 
proposed a model of both oxygen vacancies and titanium 
interstitials.
Kunin and Tsikin (1960) studied a polycrystalline 
ceramic composed of 87% titanium dioxide, as well as 
aluminum oxide, zirconium oxide, silicon dioxide, and 
barium oxide. With a constant field of 25 KV/cm at 150°C, 
degradation occurred to breakdown in about 200 hours. At 
higher fields, breakdown occurred after shorter periods of 
time. As the degradation progressed, a decrease in the 
activation energy of the current carriers was observed.
The activation energy of current carriers shows a similar 
decrease as the material is chemically reduced. By 
alternating the polarity of the field after an interval
15
several times less than the lifetime at the same field, 
degration did not occur. Restoration of properties was 
observed when samples were annealed at 150°C in either 
hydrogen, air, or a vacuum.
Kunin and Tsikin (1961) measured the conductivity 
during degradation and regeneration in polycrystalline 
samples of the same composition described above. They 
observed that the samples would regenerate themselves 
under an electrical field of opposite polarity. They 
postulated that the principal defect created in the electric 
field was associated with oxygen interstitials and oxygen 
vacancies. Reversing the polarity would initially move the 
oxygen interstitials into the oxygen vacancies and regenerate 
the sample. With continued application of the field, new 
vacancies and interstitials would form and the degradation 
process would begin.
Koikov, Kunin, and Tsikin (1961) calculated the defect 
density during degradation and regeneration using a one­
dimensional potential barrier model based upon the defect 
postulated by Kunin and Tsikin (1961). This model agreed 
qualitatively with experimental results but required a 
microscopic electric field 100 to 1000 times greater than 
the macroscopic field.
Kunin, Fomenko, and Tsikin (1962) measured the 
electrical potential distribution during degradation and 
regeneration in polycrystalline samples of the composition 
used by Kunin and Tsikin (1961). Immediately after the
16
application of an electrical potential, about 80% of the 
voltage drop in the sample occurred near the cathode. The 
current remained constant for a period of time as the 
potential distribution became more uniform. After the 
potential distribution became uniform, the current started 
increasing, indicating that degradation had begun. The 
potential distribution remained uniform while the current 
continued to increase. After a period of time, the current 
leveled off or increased more slowly. The change in the 
potential distribution indicated an increase in conductivity 
in the cathode region. The thickness of the high conduc­
tivity layer increased with time until dielectric breakdown 
occurred. Reversing the polarity after the appearance of 
the high conductivity layer did not regenerate the sample.
If the polarity was reversed before the high conductivity 
region appeared, regeneration occurred and degradation 
started in the new direction.
Harwood (1965) did an experiment in which current was 
allowed to flow through titanium dioxide single crystals 
and observed the color changes at the electrodes. Blue 
regions developed at the cathode and brown regions developed 
at the anode. The optical absorptions were similar to 
reduced and oxidized titanium dioxide. Reversing the 
polarity or heating above 600°C bleached the colored 
regions. The electrical potential distribution was similar 
to that measured by Kunin et al. (1962) with a high 
conductivity region near the cathode. After the colored
17
regions had formed, a crystal was cut into sections and the 
current measured as a function of time. The brown regions 
near the anode were stable with high resistance and the blue 
regions from the cathode were conductive with a dramatic 
increase in current with time, much greater than a virgin 
titanium dioxide sample. This indicated ionic motion under 
the influence of an electric field, with an excess of oxygen 
at the anode and a deficit at the cathode.
The effect of isovalent and aliovalent dopants 
substituting for titanium in titanium dioxide on degradation 
was also studied by Harwood. The dopants with stable 
valencies of three or four did not affect the conductivity 
or the direct current stability. Manganese, rhenium, and 
iron improved the material's resistance to degradation.
For manganese dopants, a brown band grew from the cathode 
under an electric field, which is opposite that observed 
for undoped samples. The color change was apparently 
related to a reduction in the valence of manganese ions 
from plus four to plus three. Polycrystalline samples with 
manganese dopants exhibited a decrease in conductivity for 
a period of four months. The resistance to degradation was 
thought to be due to the reduction of manganese at the 
cathode from plus four to plus three rather than the 
reduction of titanium. After all of the available 
manganese ions have been reduced, the reduction of titanium 
begins and degradation starts.
Walters and Grace (1967) found strontium titanate to
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be an n-type semiconductor with the predominating defect 
being oxygen vacancies. Cox and Tregold (1965) measured the 
conductivity of strontium titanate single crystals as a 
function of time under a constant electric field. First 
they observed a decrease in conductivity after the 
application of the electric field and then an increase to 
a steady value.
Blanc and Staebler (1972) observed the color changes 
that occurred in doped strontium titanate single crystals 
under the influence of a constant electric field. Nickel, 
with valencies of plus two and four, molybdenum, with 
valencies of plus four and five, and aluminum, with a valence 
of plus three were used as dopants. Under a constant 
electric field, a brown band developed at the anode and a 
blue band developed at the cathode. The colored areas 
moved toward the center of the crystal with increasing 
time. Reversing the polarity of the field caused the color 
fronts to recede and disappear. The reverse color would 
then develop at the electrodes and grow. The brown region 
corresponded to the oxidized state of the dopant ion and the 
blue region to the reduced state. The activation energy of 
conductivity was lower in the reduced region than the 
oxidized region. The electrical potential distribution 
indicated a high conductivity region near the cathode.
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D. Conduction and Degradation in Barium Titanate
Barium titanate is of commercial importance because 
of its value as a starting material for high dielectric 
constant ceramic capacitors. Degradation in capacitors 
based on this material has been and still is a serious 
problem.
Weise and Lesk (1953) measured the conductivity of 
polycrystalline samples of barium titanate prepared by 
traditional ceramic techniques. The activation energy of 
conductivity decreased as the reduction of the sample 
increased. The activation energy was higher at temperatures 
below the tetragonal-cubic transition than above the 
transition.
Branwood and Tredgold (1960) measured barium titanate 
single crystals with various electrode materials. The 
conductivity was independent of time with a constant 
electric field when chronium, aluminum, or zinc were the 
electrode materials. Under the same conditions, the 
conductivity increased when gold or silver was used as the 
electrodes. The evidence indicated that both gold and 
silver diffused into the barium titanate under the electric 
field. The samples were non-ohmic with the current 
approaching a squared law dependence on the applied voltage.
Lehovac and Shirn (1962) measured polycrystalline 
samples of a barium titanate based commercial dielectric 
composition. With a constant electric field, the current 
first increased with time, then decreased to a minimum, and
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finally increased, Figure 1. The potential distribution at 
various times from Figure 1 is illustrated in Figure 2.
Color changes were observed near the electrodes. The 
region near the cathode became blue and that near the anode 
became dark brown. Color reversibility was not mentioned.
The grain boundaries of sintered samples were doped by 
flowing a gas stream of oxygen as the carrier gas with 
bismuth oxide vapor over the samples at 1100°C. This 
produced high resistivity samples with improved resistance 
to degradation. The amount of bismuth in the samples was 
determined analytically. Adding this amount before 
sintering produced samples that were blue and semiconducting. 
No explanation to this effect was given.
MacChesney, Gallagher, and DiMarcello (1963) added 
lanthanum to barium titanate and measured the time to 
failure under a constant electric field. One half of one 
mole percent of lanthanum oxide was found optimal. This 
level increased the lifetime from two hours for pure barium 
titanate to 1000 hours without a failure. Doping improved 
the resistivity compared to pure barium titanate.
Glower and Heckman (1964) used an oxygen concentration 
cell to determine if electrical conduction of polycrystalline 
and single crystal barium titanate is ionic, electronic, or 
mixed. At 350°C an undoped single crystal was found to be 
an electronic conductor. This was the lowest temperature at 
which measurements could be made because of the high 
resistivity of the sample. The level of ionic conduction
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Log Time, (min)
Figure 1. Current in Barium Titanate at 300°C and 6 KV/cm# 
From Lehovac and Shirn (1962)
Figure 2. Potential Distribution for Figure 1 at Various 
Times: 1) 0; 2) 14; 3) 79; 4) 117? and 5) 195
min. From Lehovac and Shirn (1962)
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in iron doped single crystals increased as the temperature 
was decreased, to about fifty percent at 105°C. Undoped 
polycrystalline samples exhibited increasing ionic conduc­
tivity with decreasing temperature until complete ionic 
conductivity was achieved at 250°C. Iron was found to be 
mobile and titanium immobile under a constant electric 
field.
Williams (1965) measured the electric potential 
distribution in barium titanate single crystals with 
aluminum or an electrolyte of 0.01 molar potassium chloride 
in water as the electrodes. With aluminum electrodes, most 
of the potential drop occurs near the electrodes with about 
the same profile at each electrode. Blocking contacts, 
which resulted from space charge accumulation at the aluminum 
electrodes, caused the non-uniform distribution. The 
potential distribution was uniform with electrolyte 
electrodes. Long time effects were not investigated.
Gruver et al. (1966) found that the substitution of
either cations with valencies higher than four for titanium 
or anions with a valency less than two for oxygen in 
barium titanate would improve the resistance to degradation. 
When silver electrodes were used, the metal at the anode 
was oxidized while the cathode was not affected. Sealing 
the anode with a layer of barium titanate with the additions 
mentioned above increased the lifetime from two to four 
orders of magnitude when compared to the same dielectric 
with only the cathode sealed.
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Payne (1967) measured the equilibrium current of 
barium titanate based commercial capacitors that had proved 
unreliable in life testing. The current-voltage behavior 
could be described as a linear relationship between the log 
of the current and the square root of the electric field 
whose apparent activation energy decreased as the field 
increased. These results are characteristic of a Schottky 
emission process. An oxygen concentration cell was used 
to measure the level of ionic conduction in the unreliable 
samples. There was greater than fifty percent ionic 
conduction from 150° to 250°C. Thus, Payne concluded that 
units which degraded badly in life test conducted current 
both by electronic and ionic mechanisms and displayed 
Schottky emission type behavior.
Long and Blumenthal (1971) measured the conductivity 
of barium titanate of varying barium to titanium ratios at 
temperatures from 800°C to 1200°C and oxygen partial 
pressures from 10”22 to 1 atmosphere. The barium to 
titanium ratios varied from 0.95 to 0.98. Though there 
were slight differences in the conductivity with different 
samples, the differences did not appear to be a function of 
the barium to titanium ratio. There was p-type conductivity 
at high oxygen partial pressures and n-type at low oxygen 
partial pressures. The p to n transition shifted to higher 
oxygen pressures as temperature was increased.
Pope and Simkovich (1974) used an oxygen concentration 
cell to measure the ionic transfer numbers as a function of
the partial pressure of water vapor. At 300°C, the ionic 
transfer number increased from 0.70 without water vapor to 
0.80 with 0.2 atmospheres water vapor. At 500°C, the ionic 
transfer number increased from 0.15 without water vapor to 
0.27 with 0.2 atmospheres water vapor present.
Burn and Mahar (1975) studied barium titanate with 
13.5 mole percent calcium zirionate and 0.5 mole percent 
manganese oxide. Samples were sintered in reducing 
atmospheres from 10”7 to 10“10 atmospheres oxygen. The 
resistivity of the samples and the resistance to degrada­
tion decreased as the oxygen partial pressure during 
sintering decreased. Annealing the samples at 1300°C and 
an oxygen pressure of 10~7 atmospheres for two hours 
increased the resistivity and resistance to degradation to 
the level of the samples sintered at that temperature.
25
III. EXPERIMENTAL PROCEDURE 
A. Specimen Preparation
Barium titanate powder was chemically prepared by a 
method first described by Pechini (196 7) . This procedure 
entails quantitative mixing, polymerizing, and subsequent 
pyrolyzing of weak acid-ethylene glycol solutions which 
contain cation concentrations appropriate for the desired 
compound. Powders prepared by this technique are uniform 
crystallite-sized, less than O.lym, and have been prepared 
at low enough temperatures, less than 850°C, that no 
subsequent powder treatment other than binder addition is 
required prior to forming into compacts.
This technique of powder preparation has an advantage 
over the classic ceramic technique and other chemical 
preparation methods. Ceramic methods depend upon solid 
state reactions to form barium titanate from barium 
carbonate and titanium dioxide powders. Dopants are 
mechanically mixed and must diffuse into the grains during 
the calcining step. This generally results in a nonuniform 
concentration of the dopant in the grains. After calcining, 
the power has to be milled to reduce the particle size.
This step introduces impurities from the mill and the 
grinding media as reported by Nelson and Cook (1959). 
Chemical preparation methods described by Kiss et al. (1966)
and Mazdiyasni, Dolloff, and Smith (1969) depend upon 
hydrolysis-pyrolysis techniques. Marcilly, Courty, and
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Delmon (1970) remark that these techniques are restricted 
by the stoichiometric requirements of complex salts and the 
inhomogeneity of the liquid medium during precipitation.
The procedure used to prepare the powders is as 
follows:
120 gms of barium carbonate was dissolved in a solution 
of 500 gms citric acid monohydrate in 600 ml ethylene 
glycol. The concentration of barium in the resulting 
solution was then determined quantitatively.
200 ml of tetraisopropyl titanate was added to 600 ml 
ethylene glycol and 400 gms citric acid monohydrate. The 
resulting mixture was heated to 110°C to dissolve the 
hydrated titanium dioxide and to drive off the isopropanol 
that was released by the hydration reaction. If the 
isopropanol is not eliminated from the solution, a 
continuous weight loss will result which will introduce 
errors into the gravimetric analysis of the titanium 
content of the solution.
Dopant solutions of lanthanum from lanthanum carbonate 
and aluminum from aluminum isopropoxide were prepared by 
the same technique. The sources of the materials are 
listed in Table I. The supplier's analysis for barium 
carbonate is in Table II and the analysis for hydrated 
tetroisopropyl titanate is in Table III.
Barium titanate was prepared from the preceding 
solutions by weighing predetermined amounts of the barium 




Barium carbonate Johnson Matthey Chemical 
Limited
Tetra-isopropyl titanate E. I. DuPont De Nemours 
and Company (Inc.)
Lanthanum carbonate Apache Chemicals
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* from Johnson Matthey Chemicals, Limited
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TABLE III
CHEMICAL ANALYSIS OF TETRAISOPROPYL TITANATE*





















from Electronic Materials Corporation
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titanium (A:B) cation ratio for each composition.
Lanthanum was added substitutionally for barium as a donor 
and aluminum was added substitutionally for titanium as an 
acceptor. When dopants were added, the barium to titanium 
ratio was adjusted to maintain the desired A:B cation 
ratio. The compositions are listed in Table IV.
The solution of cations was then heated to about 120°C 
on a hot plate to drive off the solvent and leave an 
organic resin that contains an intimate mixture of cations . 
The resin was heated to about 400°C to decompose the organic 
"glass". The resulting material was then calcined at 
8 00°C in air for one hour to form a powder of approximately
o800A particle size. After calcining, an x-ray diffraction 
scan was made for each powder to insure that barium 
titanate was the only phase present.
Prior to pressing into compacts , ten weight percent 
distilled water and three weight percent ethylene glycol 
was added as a binder. Mixing was done in a plastic vial 
with plastic balls in a shaker mill.
The powder was then pressed into pellets about 1mm 
thick in a 1.25 cm vacuum die at 2800 to 350 Kg/cm2. If 
the air was not evacuated before compaction, the trapped 
air would rupture the specimen when the pressure was 
released.
The pressed compacts were electroded by painting 
DuPont 7919 platinum paste onto their surface before 
sintering. To insure the maintenance of high purity
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TABLE IV
BARIUM TITANATE (AB03) COMPOSITIONS







1.000 i o 2a i
1.005 i o 2a i
0.995 i o 3a i
1.000 i o 3a i





1.000 10 3 La
1.005 10 3La




during the sintering operation, the pressed compacts were 
placed in aluminum oxide boats and packed in high purity 
barium titanate powder.
Densification was achieved in a silicon carbide heated 
tube furnace. The firing schedule was: flowing dry air 
from room temperature to 700°C, evacuating the tube with a 
mechanical pump to 1370°C and holding that temperature for 
one hour, cooling to 1050°C in flowing dry air and holding 
for six hours, and cooling to room temperature in flowing 
dry air. The air was dried by flowing it over calcium 
sulfate as a desiccant. See Appendix A for the details 
on the choice of use of a vacuum during sintering and the 
application of electrodes to the green ceramics.
The thickness of the specimen was measured with a 
micrometer to the nearest 0.025 mm and the diameter of the 
electrode was measured with a scale to the nearest 0.25 mm. 
The density was measured on the fired samples by Archimedes 
method using xylene as the fluid. The grain size was 
estimated by taking photographs of the as-fired surface 
with a scanning electron microscope with a technigue 
described by Anderson (1975). The results are listed in 
Table V. The analysis of sintered barium titanate is 
listed in Table VI.
The penetration depth of platinum into the electroded 
ceramic was determined by simultaneous ion beam-Auger 
analysis. This was done by sputtering material from the 
surface with an ion beam while an electron beam is
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TABLE V





Grain Size (y) Density (gm/cm
.990 none 10-40
.995 103 ppm Al 8-32 5.4
.995 102 ppm A1 6 5.7
.995 none 50-80 5.6
.995 102 ppm La 50-60 5.5
.995 103 ppm La 25-55 5.7
.995 104 ppm La <1-4 5.4
1.000 103 ppm Al 2-6 5.7
1.000 102 ppm Al 4-5 5.5
1.000 none 8-25 5.7
1.000 102 ppm La 8-25 5.5
1.000 103 ppm La <1 5.5
1.000 10** ppm La <1 5.5
1.005 103 ppm Al 2-4 5.5
1.005 102 ppm Al 8 5.6
1.005 none 2-4 5.6
1.005 102 ppm La 60 5.7
1.005 103 ppm La 5 5.6
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striking the surface and thereby exciting Auger electrons. 
An analyzer measures the magnitude of the peak to peak 
height of the elements, a quantity proportional to their 
concentration, as a function of time, which is related to 
tne distance from the surface as a function of the 
sputtering rate. There was a sharp decrease in the amount 
of platinum present at 4 ym from the surface. The 
sputtering rate decreased by about an order of magnitude 
after sputtering through the bulk of the electrode and 
reaching the ceramic. The concentration of platinum at 
4.5 ym from the surface was one half of the maximum value 
at 3.0 ym and was decreasing rapidly. The analysis was 
terminated at this point because the sputtering rate was
so slow.
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B. Current Measuring Apparatus
Two experimental procedures were initially planned to 
collect data. The first was tomeasure the current as a 
function of time, temperature, and applied voltage. The 
second was to use an oxygen concentration cell, similar to 
the one described by Burt and Krakowski (1971), to measure 
the ionic transport number as a function of temperature. 
Because of the difficulties involved with maintaining a good 
seal so that the oxygen activities could be well defined, this 
work was discontinued. For a description, see Appendix B.
The current measuring apparatus was fabricated from a 
Keithley Model 246 High Voltage Supply, a Keithley Model 602 
Solid State Electrometer, a Heath-Schlumberger EU-205-11 
Strip chart recorder with an EU-200-01 Potentiometric 
Amplifier, a Cole-Parmer Versa-Therm platinum sensor tempera­
ture controller, and a tube furnace with a fused silica muffle 
tube. The power supply was capable of supplying from 10 
to 3100 VDC. The electrometer was able to measure from 
10“10 amperes to 10_1 amperes and act an an amplifier for 
the strip chart recorder. A three zone furnace which was 
heated by half section Kanthal elements was used to heat the 
tube. An autotransformer regulated the power to each zone 
to control the temperature gradient in the center 3cm of 
the furnace to ± C. The Versa-Therm regulated the temp­
erature to ± h° C.
Brass rods were used to make two point electrical 
contact to the specimen. The force of gravity was used to
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clamp the sample between the two rods. Platinum gauze was 
wrapped around the end of each rod to insure good contact 
with the specimen. Aluminum screen was wrapped around the 
fused silica tube to shield the tube from electrical 
inductance noise from the heating elements.
The electrodes did not extend to the edge of the disk 
so that the surface path was at least five times the dis­
tance through the bulk. Because of this ratio and the low 
temperature of the specimen, surface conduction did not 
appear to be a problem. A neon bulb was connected in 
parallel with the electrometer to act as a fuse if a 
specimen failed. If a failure occurred, the total applied 
voltage would be dropped across the input resistor of the 
electrometer in the ammeter mode. The neon bulb would short 
in the event of a sample failure and protect the electro­
meter input from a power or voltage overload.
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C. Current Measuring Procedure
The same procedure was used for each sample in the 
current measuring apparatus. The specimen was placed in 
the furnace at 200°C and dry air was flushed through the 
tube for ten minutes. After closing the tube, a 1000 VDC 
stress was applied for thirty seconds to test the specimen 
for any serious flaws. If the specimen did not fail at 
that voltage, the furnace was cooled to 80°C without an 
applied voltage to the specimen and stabilized at that 
temperature. A field of 1.97 or 3.94 KVDC/cm, depending on 
the specimen, was applied and the current recorded as a 
function of time. After the current reached a steady state 
value or reached a minimum value and started increasing 
(see Figure 3), the field was turned off. The steady state 
value or the minimum value of the current is the value 
recorded for that temperature and applied field.
The specimen was then allowed a period of five minutes 
to recover from any changes resulting from the applied 
field. This recovery period was necessary in order to 
obtain reproducible results. If a shorter period of time 
was used, for the same applied field a higher value of 
current would be measured.
After five minutes, a higher field would be applied 
and the current recorded as a function of time. This 
procedure was followed until the highest desired field had 
been reached. The temperature was then increased 20°C and 






Figure 3. Typical Current vs Time Curves; where Vi+>V3 >V2 >Vi 
at Constant Temperature, or where T i#>T 3 >T2 >Ti 
at Constant Voltage.
41
applied. This test sequence procedure was followed until 
the maximum temperature of 200°C was reached. A new 
specimen was then placed in the furnace.
Current was also measured at a constant applied field 
and temperature as a function of time to about twenty 
hours. The temperature of the furnace was maintained at 
100°C for all of the measurements. After a specimen was 
changed, the furnace was flushed with dry air for ten 
minutes before being closed. The desired field was applied 





In all discussions, the following notation will be 
used to identify the dopant, both type and concentration, 
and the large to small, A:B, cation ratio of the composi­
tion being discussed. For undoped compositions, the first 
word will be undoped and the number will refer to the 
barium to titanium ratio. For example, undoped material 
with a barium to titanium ratio of 1.005 would be coded as 
undoped -1.005. For doped compositions, the first number 
will be the dopant concentration in atomic ppm, the follow­
ing abbreviation will be the dopant, with Al for aluminum 
and La for lanthanum, and the second number will be the 
A:B cation ratio. A composition with 103 at ppm of 
aluminum and an A:B cation ratio of 0.995 would be 
103-Al-0.995.
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B. Current-Field and Current-Temperature Behavior
For the undoped compositions, current-DC electric 
field measurements were made to examine the current-field 
relationship. The steady state or the minimum current was 
measured from the current-time plots at different tempera­
tures and electric fields. Isothermal plots of log current 
versus log field and log current versus the square root of 
the field were made. Ohmic behavior, space-charge-limited 
current, and Schottky emission can be graphically detected 
from these types of plots.
The current was measured at field strengths from 0.5 
to 27.6 KVDC/cm and at temperatures from 80° to 200°C. The 
measurements made at 80°C were not used in the analysis 
because of the long charging times involved, 24 hours in 
some cases, and the difficulty in reaching steady state 
current. However, they were used to determine the range of 
current levels to be expected at higher temperatures.
One extreme of the observed behavior is illustrated 
in Figures 4 and 5, which are isothermal log current versus 
log time curves at applied fields of 1.97 and 7.87 KVDC/cm, 
respectively, for undoped -0.990. This composition 
behaved very similarly to undoped -0.995. For both com­
positions, steady state current was achieved in relatively 
short times for an applied field of 1.97 KVDC/cm at 
temperatures below 140°C. At higher temperatures for the 
field of 1.97 KVDC/cm and at all temperatures for the field 







Isothermal Current vs Time Behavior for Undoped











Figure 5. Isothermal Current vs Time Behavior for Undoped
Barium Titanate, Ba:Ti = 0.990, at 7.87 KV/cm.
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started increasing.
The other limit of behavior is displayed in Figures 6 
and 7, which are the same type of plots except that the 
fields are 3.94 and 15.75 KVDC/cm, respectively, for 
undoped -1.005. These curves are similar in general 
appearance to Figures 4 and 5. The differences are the 
longer time required to reach either steady state current 
or minimum current, even with higher applied fields, and 
the presence of steady state current at an applied field 
of 15.75 KVDC/cm at temperatures below 100°C. Composition 
undoped -1.010 behaved similarly to undoped -1.005 and 
undoped -1.000 exhibited behavior between the limits 
established by undoped -0.990 and undoped -1.005.
The steady state current or the minimum current from 
the current-time curves was used to make isothermal plots 
of log current, J, versus log field, E, and log J versus 
the square root of the field, /e . On a log J versus log E 
plot, ohmic behavior, where the current is proportional to 
the field, would be graphically displayed by a slope of one 
and space-charge-limited behavior, where the current is 
proportional to the field squared, would be graphically 
displayed by a slope of two. Lines representing ohmic 
behavior and space-charge-limited current are drawn on 
the log J versus log E plots for reference. A straight 
line on a log J versus /E plot would indicate Schottky 
emission and is added for reference. A curved line would 
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Isothermal Current vs Time Behavior for Undoped
Barium Titanate, Ba:Ti = 1.005, at 15.75 KV/cm.
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Figure 8 is a plot of log J versus log E for undoped 
-0.995. At 100°C and low fields, almost ohmic behavior is 
observed. At higher fields, the slope of the curve increases 
to a value of about two, indicating a possible transition 
to space-charge-limited current. This transition occurs 
at nearly the same field that the current begins to pass 
through a minimum value and increase on the current-time 
plots. At 140°C, similar behavior is observed, with the 
transition occurring at a lower field. The field at which 
the minimum is first observed is also at a lower value at 
140°C. At 180°C, the slope of the curve is approximately 
two for all of the applied fields. Figure 9 is a plot of 
log J versus /e . The 100°C data can be interpreted as a 
straight line at higher fields but it is also possible to 
interpret the data as a curve. The other data are 
definitely not linear. Composition undoped -0.990 behaved 
similarly to this composition.
The data for undoped -1.000 are graphically displayed 
in Figures 10 and 11. The deviation from ohmic behavior, 
as seen in Figure 10, and the current-time behavior is 
similar to undoped -0.995. As can be seen in Figure 11, 
no linear region is observed in the log J versus /e plot.
The data for undoped -1.005 are shown in Figures 12 
and 13. On the log J versus log E plot, Figure 12, it can 
be seen that the 100°C curve approaches a slope of two at 
higher fields but the curves for 140° and 180°C show little 
deviation from ohmic type behavior. At 180°C, the
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Figure 8. Isothermal Current vs Field Behavior for Undoped















Figure 9. Isothermal Current vs Field Behavior for Undoped
Barium Titanate, Ba:Ti = 0.995. (The straight














Figure 10. Isothermal Current vs Field Behavior for
Undoped Barium Titanate, Ba:Ti = 1.000,














Figure 11. Isothermal Current vs Field Behavior for
Undoped Barium Titanate, Ba:Ti = 1.000.















Figure 12. Isothermal Current vs Field Behavior for Undoped
Barium Titanate, Ba:Ti = 1.005, log J vs log E.
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Isothermal Current vs Field Behavior for Undoped
Barium Titanate, Ba:Ti = 1.005. (The straight
line is for reference.)
Figure 13.
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current-time curves show steady state behavior only at the 
lowest fields. But the log J versus log E plot does not 
indicate a change in behavior like the other two compositions 
previously discussed. The log J versus /e plot, Figure 13, 
does not show any linear region. Composition undoped -1.010 
behaved similarly to this composition.
The conclusions reached are that there is no evidence 
of Schottky emission in the compositions studied. A 
transition from ohmic behavior to space-charge-limited 
current is related to the inability to achieve a steady 
state current. But the converse is not true, as shown by 
undoped -1.005 and undoped -1.010.
In order to establish the temperature dependence of 
the current, measurements were made at 3.94, 11.81, and 
15.75 KVDC/cm in the temperature range of 80° to 200°C 
on all of the doped compositions, with the exception of 
10 3 -La-0.995, 10 3 -La-1.000, 103-La-l.005 , 104 -La-1.000, 
and lO^-La-l.005 because of the semiconducting behavior of 
these compositions. These compositions are discussed in 
Appendix C. As before, the measurements made at 80°C were 
only to establish the current levels to be expected. The 
current-time behavior for all of the doped compositions 
was within the limits established by undoped -0.990 and 
undoped -1.005, as previously discussed, with the exception 
of 10 1*-La-0.995. This composition reached a steady state 
current rapidly but did not pass through a minimum even at 
a field of 23.6 KVDC/cm at 200°C.
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Two commercial capacitor compositions, one from 
Sprague Electric and the other from San Fernando Electric, 
that had passed the required life tests were also measured. 
This was done so that the behavior of samples with good 
resistance to degradation could be compared to the high 
purity compositions of this study. The current-time 
behavior was similar to lO^-La-O.995 with the exception that 
higher fields could be applied to the specimens. At fields 
greater than 75 KVDC/cm and temperatures greater than 200°C, 
the commercial composition still reached a steady state 
current.
As before, the steady state or the minimum current was 
used to plot log J versus the reciprocal absolute temperature, 
T " 1 . This type of plot yields two constants, Jo and AH, 
in an Arrhenius type equation:
J = Jo exp (-AH/kT) (10)
where Jo = a constant
AH = the activation energy of current 
k = Boltzmann's constant, and 
T = absolute temperature
By taking the logarithm of both sides of Equation (10), the 
resulting expression is a linear equation:
log J = log Jo - AH(2.302kT)”1 (11)
The negative of the slope of log J versus (2.302kT)~1 is 
AH and log Jo is the y axis intercept.
The activation energy calculated from Equation 11 
would include both a change in the carrier concentration
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and the mobility of the carriers as a function of tempera­
ture. From the measurements made, it is not possible to 
distinguish between a change in either the mobility or the 
concentration. However, it is assumed that the carrier 
concentration is proportional to the vacancy concentration. 
Since the kinetics of reaching equilibrium are sluggish 
below 900°C, the vacancy concentration at the measurement 
temperatures is probably fixed at the concentration 
established during the anneal in air at 1050°C. Even with 
a fixed vacancy concentration, the vacancies could be 
partially ionized at the measuring temperatures, which 
would allow the electron or hole concentration to increase 
as the temperature increases. However, the experimental 
data on strontium titanate from Yamada and Miller (1973) 
indicate that oxygen vacancies are completely ionized at 
room temperature. Assuming barium titanate to behave 
similarly, the electronic carrier concentration should be 
fixed also. If ions are either all or a fraction of the 
charge carriers, the ionic mobility would be the thermally 
activated process controlling the conductivity. The 
formal expression for ionic conductivity would include the 
reciprocal of the absolute temperature in the preexponential 
term, Jo. This would not influence the calculation of the 
activation energy because the preexponential temperature 
dependence is insignificant compared to the exponential 
temperature dependence. With these assumptions, the activa­
tion energy of current should be associated with the mobility
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of charge carriers.
The log current values for two applied fields are 
plotted versus the reciprocal absolute temperature for 
undoped -0.990, undoped -0.995, undoped -1.00, undoped -1.005, 
and undoped -1.010 and are shown in Figures 14, 15, 16, 17,
18, respectively. The activation energy, AH, the standard 
deviation of AH, S.D. of AH, and Jo for each composition at 
each applied field were calculated by the least squares 
method. The values are recorded in Table VII.
The general trend, as illustrated in Figures 14, 15,
16, 17, and 18, is for the activation energy to increase as 
the barium to titanium ratio increases. For the undoped 
compositions, the increase corresponds to an increase in 
the resistance to degradation. Composition undoped -1.000 
appears to be stable at low applied fields, but shows an 
increased tendency to degrade as the field is increased.
As the field is increased, the activation energy 
also decreases until it reaches about the same level as 
undoped -0.990 and undoped -0.995. The activation energy 
obtained for undoped -1.005 decreases slightly as the field 
is increased, but the lowest value is still high when 
compared to the compositions containing less barium. 
Composition undoped -1 . 0 1 0  shows good high field stability 
as well as an increased activation energy. This relation­
ship between activation energy and degradation appears to 
be valid except at higher temperatures. At temperatures 
above 140°C, all of the compositions except 10 1*-La-0.995
60
Current vs Reciprocal Temperature Plots for















Figure 15. Current vs Reciprocal Temperature Plots for
Undoped Barium Titanate, Ba:Ti = 0.995.
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Figure 16. Current vs Reciprocal Temperature Plots for
Undoped Barium Titanate, Ba:Ti = 1.000.
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Current vs Reciprocal Temperature Plots for















Figure 18. Current vs Reciprocal Temperature Plots for
Undoped Barium Titanate, Ba:Ti = 1.010.
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TABLE VII
ACTIVATION ENERGY OF LEAKAGE CURRENT OF 
BARIUM TITANATE COMPOSITIONS








undoped -0.990 1.97 8.13 X 1 0 2 0.80 0.051
3.94 6.17 X 1 0 3 0.80 0.095
7.87 1.41 X 1 0 k 0.77 0.047
undoped -0.995 1.97 6.03 X 1 0 0.72 0.058
3.94 2.45 X 1 0 2 0.73 0.062
7.87 7.59 X 1 0 2 0.72 0.097
11.81 1.45 X 1 0 3 0.71 0.132
undoped -1 . 0 0 0 1.97 4.79 X 1 0 - 1.03 0.014
3.94 1.51 X 1 0 s 1.09 0.013
7.87 1.05 X 1 0 5 0.94 0.039
11.81 7.59 X 1 0 3 0.81 0.041
15.75 4.57 X 1 0 2 0 . 6 8 0.057
undoped -1.005 1.97 8.91 X 1 0  6 1.13 0.014
3.94 1 . 0 0 X 1 0 7 1 . 1 1 0.018
7.87 1.51 X 1 0 7 1 . 1 0 0.023
15.75 1.74 X 1 0 7 1.07 0.038
23.62 1.82 X 1 0 7 1.05 0.033
undoped - 1 . 0 1 0 1.97 3.39 X 1 0 6 1.13 0.061
3.94 6.92 X 1 0 7 1 . 2 0 0.054
7.87 1.91 X 1 0 9 1.27 0.070
15.75 1.62 X 1 0 1 1 1.38 0.115
23.62 6.76 X 1 0 1 0 1.32 0.159
102 -La-0.995 3.94 1.29 X 1 0 5 0.93 0.051
11.81 2.95 X 1 0 6 0.99 0.060
15.75 3.31 X 1 0  6 0.98 0.040
102 -La-1.000 3.94 1.38 X 1 0 6 1 . 1 2 0.0617.87 6.92 X 1 0  6 1.14 0.07111.81 1.91 X 1 0 7 1.16 0.074
15.75 4.37 X 1 0 7 1.17 0.07523.62 6.76 X 1 0 7 1.16 0.083
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TABLE VII (continued)








102-La-1.005 3.94 1.29 X 1 0  6 1.06 0.013
11.81 2 . 8 8 X 1 0  6 1.03 0.026
15.75 3.63 X 1 0  6 1 . 0 2 0.058
lO^-La-O.995 3.94 1.15 X 1 0 s 0.89 0.086
11.81 1.35 X 1 0 8 1.08 0.055
15.75 7.59 X 1 0 ® 1.13 0.039
10 2 -Al-0.995 3.94 3.24 X 1 0 6 1.06 0.028
11.81 3.63 X 1 0  6 1 . 0 2 0.013
15.75 4.79 X 1 0 6 1 . 0 1 0.018
102 -A1-X.000 3.94 1.29 X 1 0 s 1 . 0 2 0.075
7.87 4.17 X 1 0 s 1.03 0.056
15.75 1.45 X 1 0  6 1.04 0.040
23.62 2.40 X 1 0  6 1 . 0 2 0.037
102-A1-1.005 3.94 4.07 X 1 0 6 1 . 1 0 0.018
11.81 2.29 X 1 0  6 1.03 0.015
15.75 2.82 X 1 0  6 1 . 0 2 0.019
10 3 -Al-0.995 3.94 1.41 X 1 0 4 0.93 0.066
11.81 8.32 X 1 0 3 0.85 0.033
15.75 6.03 X 1 0 3 0.81 0.054
10 3 -A1-1.000 3.94 2 . 8 8 X 1 0 1* 0.91 0.016
7.87 1.95 X 1 0 1* 0.87 0.024
11.81 9.33 X 1 0 3 0.82 0.033
15.75 4.90 X 1 0 3 0.78 0.036
23.62 1.78 X 1 0 3 0.72 0.054
103-A1-1.005 3.94 4.68 X 1 0 7 1 . 2 0 0.064
11.81 1.45 X 1 0 7 1 . 1 2 0.029
15.75 1.35 X 1 0 7 1 . 1 0 0.018
San Fernando 13.13 6.31 X 1 0 s 1.24 0 . 0 1 0
19.69 1.26 X 1 0 6 1.24 0.007
39.37 3.09 X 1 0 6 1.23 0 . 0 1 1
59.06 4.68 X 1 0  6 1 . 2 2 0.003
78.74 5.89 X 1 0  6 1 . 2 2 0.007
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TABLE VII (continued)
Composition Applied Field Jo AH S.D. of
(KVDC/cm) (amps/cm2) (eV) AH (eV)
Sprague 19.69 9.38 x 10 2 1 . 0 2 0 . 0 2 2
39.37 2.25 x 10 3 1 . 0 0 0.008
59.06 8.38 x 10 3 1 . 0 2 0.016
78.74 3.25 x 10 3 0.96 0.031
98.43 9.93 x 10 3 0.98 0.041
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showed a tendency to degrade, regardless of the activation 
energy.
The doped compositions did not have the same 
relationship between the activation energy and degradation. 
The relationship between dopants, A :B cation ratio, and 
degradation will be discussed in the Discussion.
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C. Extended Current-Time Behavior
The current was monitored for periods up to 24 hours 
at different applied fields at 100°C in order to determine 
the tendency of the particular composition to degrade. It 
was not feasible to increase the time of the test because 
the apparatus could only measure one sample at a time. The 
test temperature of 100°C was chosen because at this tem­
perature some of the compositions appeared to be unstable 
while others appeared to be stable with time. From the 
data collected at this temperature, it should be possible 
to assign relative values of the resistance to degradation 
of the different compositions.
If more than one applied field was used, all current 
measurements were made on the same specimen. All measure­
ments were made in a sequence, starting with the lowest 
applied field and increasing in steps. None of the samples 
measured failed during the test at a specific applied field 
from an excessive increase in current. The relative value 
of a composition's resistance to degradation is based on 
the current level at the start of the test and its subsequent 
increase. In this way, a high starting current with a small 
percentage increase will be rated lower than a low 
starting current that shows the same percentage increase.
This system is somewhat subjective, but there is a 
sufficient difference between the good and poor samples to 
rate the relative tendency of each to degrade.
The initial current level and the current level at the
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time that the test was stopped for each applied field is 
listed in Table VIII. The compositions which exhibited an 
increase in current reached the minimum value, listed as 
initial current, within minutes after the field was applied. 
For the compositions which did not show an increase in the 
current level but did reach a steady state after several 
hours, the steady state current was recorded. The one 
exception was 102-La-1.005 which reached a steady state 
current level of 4.9 x 10”7 amp/cm2 after one hour and did 
not begin to increase until 14 hours. The current level 
increased to 9.0 x 10“7 amp/cm2 after 24 hours when the test 
was stopped.
The compositions are rated on their resistance to 
degradation from poor resistance to good resistance. The 
compositions with the poorest resistance are divided into 
two catagories. Those with an initial current greater than 
10~"5 amp/cm2: undoped -0.990 , 102-Al-0.995 , 104 -La-1.00 0 ,
and lO^-La-l.005; and those that showed an increase in 
current greater than a factor of 10: undoped -0.995 and 
undoped -1.000. Compositions 102-La-0.995 and 103-Al-0.995 
showed improved resistance compared to undoped -0.995.
Compositions 102—Al-1.000, 102-La-1.005, and 103-Al—1.005 
had low initial current levels and increased less than a 
factor of 4 during the test. The compositions which were 
most resistant to degradation were 101*-La-0.995 , 102-La—1.00 0 , 
103-Al-1.000 , 102-A1-1.005 , undoped -1.005 , and undoped 
-1.010. All of these compositions had stable current levels
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LEAKAGE CURRENT BEHAVIOR AT 100°C
TABLE VIII
Composition Applied Initial or Finishing Time
Field Steady Current (hour
(KVDC/cm) Current (amps/cm2)(amps/cm2)
undoped -0.990 7.87 5.9 X 1 0 “ 7 2 . 6 X 1 0 " 6 24
15.75 1.18 x 1 0 “b 3.0 X 1 0 “ 8 16
undoped -0.995 7.87 2 .2 X 1 0 ~ 8 8.7 X 1 0 “ 8 2 1
15.75 5.3 X 1 0 “ 7 9.9 X i o- 6 25
undoped -1 . 0 0 0 15.75 1 . 2 X 1 0 “ 6 1.4 X 1 0 “ 5 2 2  .5
undoped -1.005 15.75 1.3 X 1 0 “ 7 same 2 0
undoped -1 . 0 1 0 15.75 9.8 X 1 0 - 9 1 . 2 X 1 0 “ 8 24 .5
23.62 2.7 X 1 0 “ 8 3.4 X 1 0 “ 8 2 0
31.50 7.3 X io- 8 1 . 2 X 1 0 “ 7 26
10 2-La-0.995 15.75 2.4 X io - 7 2 . 1 X 1 0 - 6 2 2
10 2 -La-1.000 15.75 2 . 2 X 1 0 “ 8 3.8 X 1 0 “ 8 27
102-La-1.005 15.75 4.9 X 1 0 “ 7 same 14
4.9 X 1 0 “ 7 9.0 X IO " 7 14- 24
lO^-La-O.995 7.87 6.9 X 1 0 “ 8 same 17
15.75 1.4 X io - 7 same 8
23.62 2 . 2 X 1 0 “ 7 same 16
10 4 -La-1.000 3.94 3.0 X io - 6 3.9 X IO " 6 2 27.87 1 . 8 X IO - 4 4.7 X io - ' 4 2415.75 3.6 X IO - 3 4.4 X 1 0 ~ 3 24
10^-La-l.005 3.94 7.9 X IO - 6 2 . 0 X 1 0 ” 5 157.87 6.9 X 1 0 "1* 1 . 8 X IO ” 3 24
1 0 2 —Al-0.995 15.75 1 . 6 X 1 0 * " 5 4.1 X 1 0 - 5 24
102 -A1-1.000 15.75 2.5 X IO - 8 9.1 X IO- 8 2 123.62 1 . 8 X IO ” 7 4.1 X 1 0 - 7 2331.50 7.1 X 1 0 - 7 1 . 0 X 1 0 “ 6 26
102-A1-1.005 15.75 1 . 2 X 1 0 - 6 same 2 223.62 2 . 2 X 1 0 ” 6 same 2431.50 3.6 X 1 0 “ 6 same 7













10 3 -AI-1.000 15.75 1 . 8 X 1 0 “ 8 same 25
23.62 3.6 X 1 0 “ 8 7.7 X 1 0 ~ 8 23.5
31.50 1.3 X io - 7 2 . 8 X 1 0 “ 7 2 2
10 3 —Al—1.00 5 15.75 3.9 X IO " 7 5.9 X 1 0 “ 7 18
23.62 1.4 X 1 0 " " 6 6.3 X IO " " 6 23
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or low initial levels that increased by less than a 
factor of 2.5.
D. Current-Voltage-Time Behavior at the Tetragonal-Cubic 
Transition
Because of the possibility of the specimens behaving 
differently in the ferroelectric tetragonal state than in 
the paraelectric cubic state, the current-voltage-time 
behavior was examined during the ferroelectric-paraelectric 
phase transition. To make this determination, the current 
and capacitance were measured as functions of applied field 
as the samples were heated through the ferroelectric- 
paraelectric transition.
The low field capacitance was measured at about 
0.1 KVAC/cm at 1 KHz with a General Radio 1610 Capacitance 
Bridge. The high field capacitance was measured up to 
about 30 KVAC/cm at 60 Hz with a modified Sawyer-Tower 
bridge circuit. Figure 19 illustrates the behavior for 
undoped -0.995. The important features at a field of 
0.1 KVAC/cm are the classic behavior of a ferroelectric- 
paraelectric transition with Curie-Weiss behavior in the 
paraelectric state. The Curie-Weiss law is:
K = Co/(T—To) (12)
where K is the dielectric constant 
Co is the Curie constant 
T is the temperature, and 
To is the Curie temperature
Increasing the field increases the dielectric constant in 
the ferroelectric state to a maximum value at a field of 
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Dielectric Constant vs Temperature Behavior at 
Different Applied Fields for Undoped Barium 
Titanate, Ba:Ti = 0.995.
Figure 19.
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paraelectric state is independent of field. Increasing the 
field to levels greater than 7.5 KVAC/cm decreases the 
dielectric constant in both the ferroelectric and 
paraelectric phases and, as can be observed, the change in 
the dielectric constant during the transition becomes 
more gradual.
In general the dielectric behavior of other compositions 
was similar to that observed for the undoped -0.995. The 
only differences were in the measured dielectric constant, 
in the field that maximized the dielectric constant in the 
cubic state, and the abruptness of the change in the 
dielectric constant during the transition at different 
f ields.
The current characteristics were determined by apply­
ing the DC field at about 110°C and heating through the 
transition temperature at a rate of about l°C/min. The 
temperature was increased immediately after the field was 
applied and long time charging effects were ignored.
Because the apparatus was designed for measuring current at 
a constant temperature, the sample temperature was probably 
a few degrees centigrade lower than the measured temperature. 
This error was not important because only the general 
behavior during the transition was of interest.
Figure 20 illustrates the current versus temperature 
curves for undoped -0.995 at 1.97 and 3.94 KVDC/cm. At 
1.97 KVDC/cm, the current flow reversed direction and was 
negative for a brief period. After the transition, the
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Figure 20. Measured Current for Undoped Barium Titanate, 
Ba:Ti = 0.995, at a Heating Rate of l°C/min at 
Different Applied Fields.
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curve is displaced to a lower level than in the 
ferroelectric state. At 3.94 KVDC/cm, the current increases 
during the transition and then decreases to a lower level. 
The difference of current levels in the ferroelectric and 
paraelectric regions can be explained by the temperature 
dependence of the dielectric constant. As can be seen 
with Equation 5, when the current is space-charge-limited, 
as with this composition, the current is proportional to 
the dielectric constant. Thus, due to the lower dielectric 
constant in the paraelectric state the current should be 
lower than that in the ferroelectric region. However, the 
change in current is much less than that predicted by the 
change in the dielectric constant. This indicates that 
the simple model presented for space-charge-limited 
current does not adequately describe this system.
The behavior during the transition can be explained 
by considering the sample as a capacitor in parallel 
with a resistor. The behavior of the capacitor is of 
importance. The charge per unit area, Q, on a capacitor 
i s :
Q = CV (13)
where C = the capacitance per unit area 
V » the voltage.
The capacitance per unit area is s
C * keo/£ (14)
where k = the dielectric constant
eo = the permittivity of free space
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£ = the electrode spacing 
Combining Equations 13 and 14 results in:
Q = kVe o/£ (15)
The current flowing in the capacitor, J , is obtained 
by taking the first derivative of Equation 15 with respect 
to time, t, which is:
Jc = d(kVeo/£)/dt (16)
The only variable which depends upon time in Equation 16 
is the dielectric constant because the dielectric constant 
is a function of temperature and the temperature is a 
function of time due to the constant heating rate.
Introducing temperature by the chain rule, Equation 16 
becomes:
Jc = (Veo/£) (3k/3T) (3T/3t) (17)
where 3k/3T = the slope of the dielectric constant versus
temperature curve at the applied field, V/£ 
3T/3t = heating rate
This capacitance current must be subtracted from the resis­
tance current flowing through the sample because it is in the 
opposite direction.
The capacitance current would be maximized by a high 
temperature dependence of the dielectric constant and a 
high heating rate. Referring to Figure 19, the greatest 
temperature dependence is at fields from about 1 KVAC/cm 
(0.5 KVDC/cm) to about 10 KVAC/cm (5 KVDC/cm). Because 
the sample is not at thermal equilibrium, the transition
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will occur over a greater time period and reduce the 
equilibrium temperature dependence. Using values of 
2 KVDC/cm, 10 3 /°C, and l°C/sec, the calculated value of 
Jc of 1 . 8  x 1 0 “ 7 amp/cm 2 compares well with the measured 
value of 7.5 x 10 “ 8 amp/cm2 . The transition behavior with 
a field of 3.94 KVDC/cm is probably a function of the 
dielectric constant dependence of both space-charge-limited 
behavior and of capacitance.
Figure 21 illustrates the current versus temperature 
plot at 0.98 and 3.94 KVDC/cm for undoped -1.005. There 
was no change during the ferroelectric-paraelectric 
transition at 0.98 KVDC/cm. At 3.94 KVDC/cm there was a 
small change during the transition. The change in 
dielectric constant during the transition was more gradual 
with this composition than undoped -0.995. Since this 
composition did not display space-charge-limited current, 
there was no change in the current resulting from the change 
in the dielectric constant.
These two compositions represent the extremes of 
behavior exhibited by the other compositions. There was 
some dependence of current on the dielectric constant in 
compositions that showed some evidence of space-charge- 
limited current, but it was smaller than expected. The 
behavior observed during the transition was nonequilibrium 










Figure 21. Measured Current for Undoped Barium Titanate, 
Ba:Ti = 1.005, at a Heating Rate of l°C/min at 
Different Applied Fields.
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E . Structural Changes and Oxygen Exchange in Lanthanum 
Doped Barium Titanate
This study was conducted to identify the structural 
changes that occur in lanthanum doped barium titanate to 
accommodate the additional oxygen required in the oxidized 
state. This study is important because it appears that the 
structural change that accommodates the additional oxygen 
when lanthanum is the dopant is probably the same as the 
structural change associated with excess barium in undoped 
barium titanate. Lanthanum has a valency of three and 
substitutionally replaces barium which has a valency of 
two. According to Johnson and Sestrich (1961), in the 
reduced state the concentration of titanium with a valency 
of three is proportional to the concentration of lanthanum. 
In the oxidized state, the lanthanum must be compensated by 
additional oxygen. Eror and Smyth (1970) measured a 
reversible weight change in high and low oxygen activities 
that corresponded to one oxygen ion compensating two 
lanthanum ions.
Four compositions of varying lanthanum content were 
chemically prepared by the technique described previously. 
Table IX lists the cation ratios of the four compositions. 
Table X lists the postulated oxidized and reduced states for 
the different cation ratios. Approximately 15 gm samples 
of each composition were placed in aluminum oxide boats 
and equilibrated at 1100°C with oxygen gas or forming gas, 
10% hydrogen and 90% nitrogen. After each anneal, each
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TABLE IX
CATION RATIOS OF LANTHANUM DOPED BARIUM TITANATE
(BaxL ay)T 1 O 3




3 0.900 0 . 1 0 0
4 0.800 0 . 2 0 0
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TABLE X
PROPOSED FORMULAS AND FORMULA WEIGHTS OF 
REDUCED AND OXIDIZED LANTHANUM DOPED
BARIUM TITANATE
Composition Formula FormulaWeight
1 Reduced BaO?900I,ao!o67T;Lo!o6 7T;LOl!9 3 30 2!9 67 228.19
1 Oxidized Bao!900Lao!o67Tll!o0003?000 2 28.73
2 Reduced Da0.800 0.133 0.133 0.867u2.933
2 Oxidized Ba0?8 00La0!l33T:Ll!!00 0O3?000 2 24.26
3 Reduced Ba0!900La 0!l00T;L0!l00T:L0?9 00O 3!0 00 23 3.36
3 Oxidized BaO?900Lao!lOOTl;U 000°3!()50 2 3 4  • 1 6
4 Reduced Ba0 ^ 8  00r,a0 ^ 200T l 0 f 2 00Tl0I! 80 0 ° 3  ^ 0 0  0 2 33.52
4 Oxidized BaJ ?8001'a0 f 200Tl l'! 000°3 ?100 2 35.12
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sample was quenched by drawing it rapidly from the furnace 
and allowing it to cool to room temperature. X-ray 
diffraction patterns were made for both the reduced and 
oxidized states of each composition.
Table XI lists the reduced sample weights and the 
calculated weight losses, based on the oxidized sample 
weights using the formula weights in Table X. There was 
some difficulty in maintaining a reducing atmosphere over 
the sample to prevent reoxidation during the quenching 
operation which probably accounts for some of the difference 
between the measured weight loss and the calculated weight 
loss. Even with this difficulty, the weight loss was at 
least one order of magnitude greater than that reported 
by Arend and Kihlborg (1969) for pure barium titanate 
reduced in 1 0 0 % hydrogen at 1275°C.
The x-ray diffraction patterns for oxidized and 
reduced samples of all four compositions were indexed as 
single phase, tetragonal barium titanate. The lattice 
parameters were the same for all compositions, both 
reduced and oxidized. The relative intensities were the 
same for oxidized and reduced 0.900 Ba: 0.067 La: 1.00 Ti 
and 0.800 B a : 0.133 La: 1.00 T i . The relative intensities 
were lower for oxidized 0.900 B a : 0.100 La: 1.00 Ti and
0.80 Ba: 0.200 La: 1.00 Ti than for the reduced state.
These results indicate two mechanisms for incorporating 
the additional oxygen into the lattice. The oxygen and 
barium ions are approximately the same radius and in the
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TABLE XI
WEIGHTS OF REDUCED AND OXIDIZED SAMPLES OF 
LANTHANUM DOPED BARIUM TITANATE














1 17.2950 17.2599 0.0351 0.0403
2 15.9070 15.8211 0.0859 0.0759
3 18.2632 18.2200 0.0432 0.0624
4 15.0420 14.9751 0.0669 0.1024
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perovskite structure of barium titanate form a pseudo face 
centered cubic lattice. The incorporation of additional 
oxygen or barium ions on interstitial positions would be 
expected to cause large distortions in the lattice. Since 
no distortion was observed in the x-ray diffraction 
patterns, interstitial oxygen or barium ions can be excluded 
as a possible mechanism. Because of the low x-ray 
scattering factor of oxygen ions, the creation of oxygen 
vacancies should have a negligible effect on the measured 
relative intensities. The high x-ray scattering factor of 
barium ions should cause a measurable change in the measured 
relative intensities if barium vacancies are created, as 
proposed by Eror and Smyth (197 0) .
The same model that they propose is supported by the 
experimental evidence. Using the Kroger and Vink notation, 
the model i s :
La' Ba + Ti + *5Ba_ + h 0 2 + h (BaO) +Ti Ba Ba
+ TiTi + La»a
The BaO indicated in the oxidized phase is not a discrete 
second phase but is accommodated by the structure in layers 
between the perovskite layers, like Sr2TiOi+ . The x-ray 
diffraction data supports this model. Barium orthotitanate, 
Ba2TiOi+ r does not have the same structure as Sr2TiOi+ , but 
the small concentration of BaO formed in the oxidized state 
might not be sufficient to precipitate a second phase of 
the different Ba2TiOi+ structure. This would explain the 
absence of a detectable second phase. The observed
8 8
reduction of the x-ray intensities in the oxidized state 
would result if barium vacancies were created.
A different model is proposed for 0.900 B a : 0.067 La: 
1.00 Ti and 0.800 B a : 0.133 La: 1.00 T i :
La°Ba + T i 'Ti + ^ B a  + + ? La°Ba + TiTi
+ HVbL + %°o
By choosing the appropriate cation ratios, the concentration 
of barium vacancies necessary to compensate for the 
concentration of lanthanum is built into the structure. In 
the oxidized state, the vacancies in the oxygen lattice are 
minimized. In the reduced state, the concentration of 
oxygen vacancies will equal the concentration of barium 
vacancies. Because of the small x-ray scattering factor 
of oxygen ions, the oxygen vacancies created in the reduced 
state would negligibly affect the relative intensities when 
compared to the oxidized state. The measured intensities 
for the oxidized and reduced states for these compositions 
supports this model.
The presence of oxygen vacancies in the reduced state 
should enhance the oxidation process. These compositions 
did reach a steady weight more rapidly and the weight 
change was closer to the calculated value than the other 
compositions. The faster oxidation might also be inter­
preted in such a way that the presence of barium vacancies 
aids in the transport of oxygen in the lattice.
These data indicate that barium and oxygen vacancies 
are easily generated in the perovskite lattice. The data
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is also in agreement with the structural accommodation model 
that is proposed by Eror and Smyth (1970).
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V. DISCUSSION
A. The Effect of the Barium to Titanium Ratio in Undoped 
Barium Titanate
Long and Blumenthal (1971), Seuter (1974), and Eror 
and Smyth (1976) have reported that the Ba:Ti radio does 
not significantly influence the high temperature electrical 
conductivity of barium titanate. This behavior is difficult 
to explain with the proposed defects of oxygen and barium 
vacancies. For a Ba:Ti ratio less than unity, Eror and Smyth 
(1976) suggest an electrically neutral complex of doubly 
ionized oxygen and barium vacancies to explain the anomalous 
behavior. This complex would maintain a relatively constant 
concentration of free oxygen and barium vacancies independ­
ent of the Ba:Ti ratio. Because the conductivity is electro­
nic and the carriers are ionized from the vacancies, the 
carrier concentration is also independent of the Ba:Ti ratio.
For a Ba:Ti ratio equal to unity, a two phase assemblage 
is proposed. At any temperature above 0° K, a certain 
concentration of barium and oxygen vacancies will be 
present. Since the barium is not volatile, the barium ions 
must be incorporated into the structure. This could be 
done by the structural accommodation mechanism of barium 
oxide layers between perovskite layers as proposed by Eror 
and Smyth (1970). The data of Subbarao and Shirane 
(1959) and the x-ray diffraction data of the lanthanum 
doped barium titanate of this study support this
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mechanism. With this model there would always be an 
equilibrium concentration of barium and oxygen vacancies. 
The concentration of oxygen vacancies would probably be 
greater than the barium vacancies and the formation of the 
neutral complex would further decrease the barium vacancy 
concentration.
The model for a Ba:Ti ratio greater than unity is 
similar to the model with a ratio of unity. The excess 
barium oxide would be structurally accommodated as barium 
oxide layers between perovskite layers. Seuter's (1974) 
data indicate that the oxygen vacancy concentration is 
lowered as the Ba:Ti ratio is increased from unity.
Gruver et al. (1966) explain the degradation process 
in barium titanate and titanium dioxide as oxygen vacancy 
migration, actually the motion of oxygen ions, in a strong 
electric field and the reduction of titanium from a valency 
of plus four to plus three. Harwood (1965) proposes a 
similar model for titanium dioxide. The oxygen vacancy 
migration causes the reduction of titanium and increases 
the concentration of electrons, which increases the 
conductivity. The two methods of inhibiting degradation 
are to reduce the oxygen vacancy motion or inhibit the 
reduction of titanium.
The discussion that follows is limited to the Ba:Ti 
ratios studies, 0.990 to 1.010. The effects of the Ba:Ti 
ratio less than or greater than these limits will not be
considered.
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The data of this study are consistent with the defect 
model and the degradation process. The low activation 
energy and the low resistance to degradation with a Ba:Ti 
ratio less than unity (see Tables VII and VI I I ) , is a result 
of the defect structure. Because both oxygen and barium 
vacancies are present, oxygen and barium ion motion in an 
electric field can be expected, though oxygen ions should 
be more mobile than barium ions because of their lower 
mass. The neutral complex of barium and oxygen vacancies 
would not be mobile and would not dissociate at a field 
less than about 103 KVDC/cm, assuming an association energy 
of 2 eV as proposed by Eror and Smyth (1976). Though not 
mobile, the complex should enhance oxygen ion motion.
Oxygen vacancy motion occurs when an oxygen ion moves 
into a vacant oxygen site and creates a vacancy in its 
previous position. The motion from one anion lattice 
position to a new position requires a deformation of the 
lattice to which the activation energy is related. The 
activation energy would decrease as the lattice deformation 
becomes smaller or easier. For ion motion in a lattice 
with a small concentration of only oxygen vacancies, the 
activation energy should be relatively high. If the ion 
is moving near or through a neutral complex, the lattice 
should deform less and more easily and the activation 
energy should be lower. Oxygen ion motion would increase 
if the vacancy concentration increases or the mobility 
increases. The free oxygen vacancy concentration does not
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increase at the same rate as the Ba:Ti ratio decreases 
from unity because the barium and oxygen vacancies associate 
to form the neutral complex. However, the mobility of 
oxygen ions should increase because of the neutral complex.
With the increased oxygen vacancy migration that 
accompanies the increased oxygen ion motion, the reduction 
of titanium can occur at an accelerated rate. As the 
titanium is reduced, the degradation process continues 
until catastrophic failure occurs.
For the composition with a Ba:Ti ratio of unity, the 
presence of several hundred at ppm of silicon (see 
Table VI) as an impurity will change the effective 
cation ratio. Assuming from the size of the silicon ion 
that it enters the lattice on titanium sites, the effective 
Ba:Ti ratio would be just less than unity.
The activation energy was high at low fields and 
decreased as the field was increased (see Table V I I ) . The 
defect model should be the same with a smaller concentration 
of neutral complexes. At low fields, the low concentration 
of neutral complexes does not significantly affect the 
oxygen ion motion. At higher fields there is increased 
oxygen ion motion and the presence of the neutral complexes 
has greater influence on the deformation of the lattice.
The reduction of titanium takes place with the oxygen 
vacancy motion.
For a Ba:Ti ratio greater than unity, there was a high 
activation energy and increased resistance to degradation
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(see Tables VII and VIII). The dominant defect is a low 
concentration of oxygen vacancies quenched in from the 
equilibrium level established at the annealing temperature. 
Increasing the Ba:Ti ratio from unity decreases the oxygen 
vacancy concentration. Oxygen vacancy migration still 
occurs, but at a reduced level compared to the two previous 
cases. The activation energy is high because the oxygen 
ions must deform a relatively perfect lattice in the 
region of a single point defect. Though oxygen vacancy 
migration does take place, the level is so low that the 
reduction of titanium is minimized and the resistance to 
degradation is good.
The measurements were not made to determine the 
predominant type of current carrier, ionic or electronic. 
However, it is postulated that conduction is predominantly 
ionic when the Ba:Ti ratio is less than unity and mixed, 
ionic and electronic, when the Ba:Ti ratio is unity. When 
the Ba:Ti ratio is greater than unity, the transition is 
made to predominantly electronic conduction.
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B. The Effects of Donors
Barium titanate exhibits anomalous behavior when 
cations, which have a higher valency than barium or titan­
ium ions, are substituted for them into the structure.
Jonker (1964) reports that the resistivity of lanthanum 
doped barium titanate decreases to a minimum value at 
about 3 x 103 at ppm and then increases with increasing 
concentrations. Even though the samples were fired in an 
oxidizing atmosphere, those with 3 x 103 at ppm were dark 
blue, like undoped barium titanate fired in a highly 
reducing atmosphere. At dopant levels greater than 6 x 103 
at ppm, the color was white and the resistivity was 
comparable to undoped barium titanate. This behavior 
cannot be accounted for by the "controlled valency 
principle" of Verwey et al. (1950).
Gallagher, Schrey, and DiMarcello (1963) measured a 
resistivity of 1 0 ohm—cm with the addition of 5 x 102 
at ppm lanthanum. At 3 x 103 at ppm, the resistivity had 
decreased to 102 ohm-cm. At a constant concentration of 
1.6 x 103 at ppm lanthanum, the addition of from 7 x 103 
to 6 x IO1* at ppm of titanium dioxide increased the 
resistivity about two orders of magnitude.
This behavior can be interpreted as ionic compensation 
at very low donor dopant levels. As the dopant concentration 
is increased, the compensation changes to predominantly 
electronic and then back to ionic at higher concentrations. 
The electronic compensation mechanism is one titanium ion
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with a valency of three for each lanthanum ion. The ionic 
compensation mechanism is by the addition of one oxygen 
ion for two lanthanum ions.
Eror and Smyth (1970) measured the oxygen exchange in 
lanthanum doped barium titanate where the (Ba,La):Ti ratio 
was unity. The weight change between high and low oxygen 
activities was proportional to the lanthanum concentration, 
from 5 x 103 at ppm to 105 at ppm. The weight change was 
equivalent to one oxygen ion for two lanthanum ions. They 
could not detect a structural change or a second phase 
after oxidation or reduction. In theoxidized state, they 
postulated a structural accommodation of barium oxide layers 
between perovskite layers with barium vacancies to account 
for the additional oxygen in the lattice. The data of 
Subbarao and Shirane (1959) and this study support this 
model.
The model proposed from this study for a (Ba,La) :Ti 
ratio less than unity is different. For the ratio,
(Ba,La):Ti = X, where X is less than unity, the concentra­
tion of lanthanum that will precisely compensate the vacancy 
concentration in the oxygen lattice in the oxidized state is 
(2/3}(1-X). Lanthanum concentrations less than this will 
decrease the oxygen vacancy concentration resulting from 
the oxygen nonstoichiometry related to the cation ratio. 
Lanthanum concentrations greater than this value will 
result in the structural accommodation described for the 
(Ba,La):Ti ratio equal to unity. For a lanthanum
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concentration of y, the amount of barium oxide that would 
need to be structurally accommodated would be 
(1/2)[y - (2/3) (1-X)] .
Because oxygen exchange measurements were not made 
on compositions with a (Ba,La):Ti ratio greater than unity, 
the following ionic compensation mechanism is a postulation. 
Without lanthanum, the excess barium oxide is structurally 
accommodated. The addition of lanthanum would generate 
barium vacancies and additional barium oxide to be 
accommodated by the mechanism discussed for a (Ba,La):Ti 
ratio equal to unity.
All of the compositions with 103 at ppm La were 
semiconducting and exhibited a positive temperature 
coefficient of resistance. These results are discussed 
in Appendix C .
The results for a (Ba,La):Ti ratio of 0.995 will be 
discussed first (see Tables VII and VIII). The addition 
of 100 at ppm La increased the activation energy and 
increased the resistance to degradation. This is 
interpreted as a reduction of the oxygen vacancy concentra­
tion to ionically compensate the lanthanum. The oxygen 
vacancy concentration without the lanthanum would be 
5 x 103 at ppm and reduced only 50 at ppm with the 
addition of 100 at ppm La. This small change in the oxygen 
vacancy concentration should not cause the change in the 
electrical properties measured if it were not for the 
buffering effect of the neutral barium oxide complex. The
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total barium vacancy concentration is fixed at 5 x 103 at 
ppm and would have the effect of depressing the free oxygen 
vacancy concentration and increasing the free barium 
vacancy concentration compared to the undoped composition. 
The reduction in the oxygen vacancy concentration slows 
down the oxygen ion migration, which slows down the 
reduction of titanium.
With the addition of 104 at ppm La to a (Ba,La):Ti 
ratio of 0.995, the buffering affect of the barium vacancies 
should minimize the free oxygen vacancy concentration.
This composition had a high activation energy and the best 
resistance to degradation of all of the compositions. At 
200°C, the current was stable with time for the 30 minutes 
of the test. Other compositions that had good resistance 
to degradation at 100°C showed rapid deterioration at 
200°C.
The composition with a (Ba,La):Ti ratio equal to 
unity is probably slightly less than unity because of the 
presence of silicon as an impurity, as previously 
discussed. The addition of 102 at ppm La should be 
approximately the amount to compensate for the silicon.
The activation energy was high and the resistance to 
degradation was good (see Tables VII and VI I I ) .
The addition of 101* at ppm La to a (Ba,La) :Ti ratio 
equal to unity produced a composition that was light blue 
with a resistivity at 100°C of 108 ohm-cm at a field of 
3.94 KV/cm that exhibited a positive temperature
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coefficient of resistance. This composition is discussed 
in Appendix C .
For the compositions with a (Ba,La):Ti ratio of 1.005, 
the reason for the observed electrical properties is not 
as clear. With 102 at ppm La, the activation energy was 
high but the resistance to degradation had decreased from 
the undoped Ba:Ti ratio of 1.005 (see Tables VII and VIII). 
The additional concentration of barium oxide layers to 
compensate for the lanthanum plus the concentration of 
barium oxide layers from the cation ratio is less than the 
concentration of barium oxide layers in a Ba:Ti ratio equal 
to 1.010. Since that composition had good resistance to 
degradation, it is assumed that the structural accommodation 
at that concentration did not encourage the degradation 
process. It is postulated that the presence of lanthanum 
and the structural accommodation of barium oxide layers 
between perovskite layers enhances the reduction of titanium 
ion from a valency of plus four to plus three. Though the 
oxygen ion migration in the lattice is small because of the 
small concentration of oxygen vacancies, the titanium is 
more readily reduced.
Composition 10** -La-1.005 was darker blue than 
101*-La-1.00 and had a resistivity of 2 x 107 ohm-cra at a 
field of 3.94 KV/cm at 100°C. At this temperature and 
field, the composition had poor resistance to degradation. 
Because of its semiconducting properties, this composition 
will be discussed in Appendix C.
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C. The Effect of Acceptors
The effect of substituting cations with a valency 
less than either barium or titanium on the defect structure 
is not clearly understood. The compensating mechanism can 
be either electronic or ionic. If ionic compensation occurs, 
when aluminum with a valency of three replaces titanium, 
there should be one oxygen vacancy created for each two 
aluminum ions. If oxygen vacancies are created, the 
resistance to degradation should decrease from the increased 
oxygen vacancy migration and the reduction of titanium. This 
has not been observed in the capacitor industry where the 
commercial barium titanate used has relatively high impurity 
concentrations of aluminum or magnesium ions, which can 
substitute for titanium as acceptors, or in this study 
where aluminum was purposely added (see Table V III).
Electronic compensation would be achieved if 
aluminum on titanium sites acted as an acceptor and trapped 
one electrode per aluminum ion. If this was the mechanism, 
the oxygen vacancy concentration should be independent 
of the dopant level and the measured activation energy 
should be about the same as that for undoped barium 
titanate with the same Ba:(Ti,Al) ratio. This was not 
observed for the compositions measured (see Table V I I ) .
Harwood (1965) observed that manganese in titanium 
dioxide improved the resistance to degradation. He concluded 
that the manganese was reduced from a valency of plus four 
to plus three before the titanium was reduced and that
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manganese does not contribute 3d band electrons for 
conduction. Burn and Mayer (1975) observed an increased 
resistance to degradation when manganese was added to a 
commercial barium titanate capacitor composition.
Composition 102-Al-0.995 had better resistance to 
degradation than undoped -0.995, but the current was 
higher (see Table VIII). Increasing the concentration of 
aluminum to 103 at ppm, composition 103-Al-0.995, lowered 
the current and improved the resistance to degradation.
Composition 102-A1-1.000 had a lower current and 
improved resistance to degradation compared to undoped -1.000. 
At 103 at ppm aluminum, the current was the same as for
102 at ppm aluminum but the resistance to degradation was 
further improved.
Composition 102-Al-1.005 behaved similarly to 
undoped -1.005 with high resistance to degradation. At
103 at ppm, the resistance to degration decreased slightly 
when compared to 102-Al-1.005 and undoped -1.005.
Because the oxygen vacancy migration should not be 
reduced for either of the compensating mechanisms, it is 
proposed that neither mechanism is dominant. The 
important contribution appears to be to decrease the 
tendency of titanium ions to reduce or to trap the 
electrons generated if the titanium does reduce. The data 




The resistance to degradation of barium titanate is 
dependent on the barium to titanium ratio. Poor resistance 
to degradation is exhibited when the ratio is less than 
unity. A transition to good resistance to degradation is 
made when the ratio is greater than unity. The addition 
of donors imporved the resistance to degradation of 
compositions with a ratio less than unity and decreased 
the resistance to degradation for compositions with a ratio 
equal to or greater than unity. The effect of acceptors 
ranged from improved resistance to degradation to no 
effect on compositions with a high resistance to 
degradation.
Activation energies of conduction ranged in value from 
0.68 eV to 1.38 eV. The compositions that were least 
resistant to degradation generally had low activation 
energies and those that were most resistant to degradation 
generally had high activation energies.
There was no evidence of Schottky emission in any of 
the compositions. The compositions that did exhibit 
space-charge-limited current had poor resistance to 
degradation. Ohmic or near ohmic behavior was anecessary 
but not a sufficient condition for a high resistance to 
degradation. No conclusive test was found that would 
measure a composition's resistance to degradation.
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APPENDIX A
Firing Schedule and Application of Electrodes
Even though the liquid mix technique used to prepare 
the barium titanate powders offers many advantages over 
other techniques, there are a few disadvantages. The 
most important one is the difficulty of working with the 
powder after calcining. The powder is very fine and is 
difficult to press into high quality pellets. If a regular 
mold is used, air is compressed with the powder and does 
not readily diffuse out of the pressed powder. When the 
pressure on the rams is released, the compressed air 
expands and ruptures the pellet. This is solved by using a 
vacuum mold. Before pressure is applied to the ram, the 
mold chamber is evacuated with a vacuum pump to remove 
most of the air. This allows pellets to be pressed 
without rupturing.
The other problem is the presence of porous agglomerates 
in the calcined powder. These agglomerates were not broken 
down by the pressures used in forming pellets, 2,800 Kg/cm2 
to 3,500 Kg/cm2 . Higher pressures could not be used 
because the powder would adhere to the ram faces and would 
not release. A suitable combination of distilled water and 
ethylene glycol could not be found that would eliminate 
the problem. These defects were visible with a scanning 
electron microscope (SEM) at 5000X as porous regions. It 
was found that these regions could be eliminated if the
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furnace tube was evacuated from 800°C to the completion 
of the sintering cycle at 1370°C. Removing most of the air 
prevented closed pores, with slow diffusing gases, from 
forming. Dry air was introduced in the furnace tube and 
the samples were annealed at 1050°C to equilibrate the 
samples with the partial pressure of oxygen in air. The 
porous regions could not be detected with the SEM at 
10,00OX when the vacuum firing was used.
Several different methods were tried for the 
application of electrodes on the ceramic. The first was 
painting the unfritted platinum paste on the sintered 
ceramic surface and firing at 800°C. This produced a 
sheet of platinum metal that peeled off of the ceramic very 
easily. The next step was to abrade the surface of the 
ceramic before painting and firing the paste. This 
produced slightly better adhesion, but the surface was 
damaged by the abrasion and the paste entered the fractures 
before drying. Although the adhesion would probably have 
been sufficient, abnormally high current levels were 
passed by the samples after this treatment. A chemical etch 
of 60% H 2O, 38% HC1, and 2% HF was tried on sintered 
surfaces before painting and firing the paste. This did 
not produce satisfactory adhesion either. All of these 
methods were tried in an attempt to avoid firing the electrode 
with the green ceramic for fear of the resultant diffusion 
of platinum into the ceramic. Because each one was a 
failure, the only choice was to fire the electrode and
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ceramic simultaneously. This produced a tenacious bond 
between the electrode and ceramic with good electrical 
characteristics. As mentioned in the section on specimen 





Initial plans had included an oxygen concentration 
cell to measure the ionic transport number in the different 
barium titanate compositions. The apparatus was to be 
similar to the one described by Burt and Krakowski (1971) 
(see Figure Bl). Instead of having the sample held on 
Tube A, of stabilized zirconia, by a vacuum, pressure from 
the reference tube, also of stabilized zirconia, would hold 
the sample in place. This would allow gases with different 
oxygen partial pressures to be used rather than being 
restricted to only a vacuum in Tube A. The reference tube 
would allow the oxygen partial pressure of gas B to be 
calculated from EMF(3-4), between electrodes 3 and 4, the 
absolute temperature, and the oxygen partial pressure of 
the reference gas from the equation:
P (B) = P (REF.)exp[EMF(nF/RT)] (Bl)
0 2  0 2
where F = Faraday constant
n = number of equivalents 
R = gas constant 
T = absolute temperature 
EMF — measured potential
(REF.) = oxygen partial pressure in reference gas 
PQ 2 (B) = oxygen partial pressure in gas B 
The oxygen partial pressure can be measured in gas A 
in a similar manner by measuring EMF(1-2), between 
electrodes 1 and 2. Measuring EMF(2-3), between electrodes
112
Legend for Figure Bl 
Oxygen Concentration Cell
A. Gas B in
B. Electrical lead 1
C. Gas A out
D. Electrical lead 2
E . Gas A in
F . Tube A
G. Sample and Tube A seal
H. Electrode 3
I . Reference Tube
J. Reference gas in
K. Electrical lead 4
L. Reference gas out
M. Electrical lead 3








2 and 3, and taking the ratio EMF(2-3)/EMF(1-2) gives 
the ionic transport number of the sample. This information 
would have helped to define the conditions affecting 
degradation in samples with know stoichiometries and dopant 
levels.
The problem with this apparatus was in maintaining a 
good seal between the sample and Tube A. This was 
discovered during calibration of the system with a stabilized 
zirconia sample and known oxygen partial pressures. The 
EMF developed by the sample or the tube should have been 
the calculated value and independent of flow rates of gas 
A or gas B. The EMF was proportional to the flow rate of 
gas A and could be higher or lower than the calculated 
value. The EMF continued to increase up to the point where 
measurable cooling of the sample was occurring. The EMF 
developed by the closed end reference tube was independent 
of flow rates that did not cause cooling of the ceramic.
This problem could not be solved with a mechanical 
pressure seal. There was the possibility of sealing the 
sample to an alumina tube with a glass at a temperature 
higher than that for the measurements. Without extreme 
temperature cycling, the seal would probably have retained 
its integrity during the measurements. The difficulty with 
this approach was in developing a satisfactory glass to make 
the seal and preparing a large number of samples by this 
method. Pope and Simkovich (1974) used a similar technique 
but only measured one specimen.
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Because of the experimental difficulties, it was 




The resistivity data presented by Gallagher et a l .
(1963) and Jonker (1964) for lanthanum doped barium 
titanate show a minimum in the room temperature resistivity 
of 10 to 20 ohm-cm at a lanthanum concentration of about 
3 x 10“3 at ppm. The resistivity of semiconducting barium 
titanate has a positive temperature coefficient, PTCR 
effect, at temperatures near the tetragonal-cubic transi­
tion. The semiconducting behavior disappears at lanthanum 
concentrations greater than 6 x 10”3 to 8 x 10“3 at ppm.
The color of semiconducting samples is blue and the color 
of samples with high resistivity, with or without 
lanthanum, is light tan. Because of this published data, it 
was expected that the compositions prepared in this study 
with lanthanum concentrations of 102 and 10** at ppm would 
be insulating and of 103 at ppm would be conducting.
Gallagher et al. (1963) also studied the effects of
excess titanium on the resistivity. Additions of from 
7 x 103 to 6 x 10  ^ at ppm titanium dioxide at a constant 
lanthanum concentration of 1.6 x 103 at ppm increased the 
resistivity about two orders of magnitude and increased 
the PTCR effect.
The data collected in this study indicates that the 
effect of lanthanum on the resistivity of barium titanate 
is sensitive to the (Ba,La):Ti ratio. All compositions with
117
103 at ppm lanthanum were dark blue in color, with the color 
becoming lighter as the (Ba,La):Ti ratio increased. The 
current was measured as a function of temperature at a field 
of 0.16 KVDC/cm. The results are illustrated in Figure Cl 
as the log current versus temperature. All three 
compositions have anomalous behavior, PCTR, at temperatures 
above the tetragonal-cubic transition. The most noticeable 
difference between the compositions is in the current 
levels. The increase in the current level as the (Ba,La):Ti 
ratio decreases is opposite to the behavior reported by 
Gallagher et al. (1963).
Composition lO^-La-O.995 was light tan, had a high 
resistivity and had the best resistance to degradation of 
all of the high purity compounds examined. This behavior 
is in good agreement with the behavior to be expected from 
the literature.
Composition lO^-La-l.000 was light blue, had a 
resistivity of 108 ohm-cm at 3.94 KVDC/cm, and exhibited a 
slight PCTR effect. Composition 101*-La-1.005 was darker 
blue, had a resistivity of 107 ohm-cm at 3.94 KVDC/cm, but 
did not have a PCTR effect.
No attempt is made to explain the observed sensitivity 
of the resistivity on the (Ba,La):Ti ratio and the 
lanthanum concentration because of insufficient data.
Because of the previously unreported sensitivity to the 
(Ba,La):Ti ratio, it was felt to be important to report the 
available data. It is hoped that this will precipitate a
118
Figure Cl. Current vs Temperature Behavior of 103 at ppm 
Lanthanum Doped Barium Titanate at a Field of 
0.16 KV/cm.
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more comprehensive study of effect of the (Ba,La):Ti ratio 
on the resistivity and PCTR effect.
